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ARMS RACE AND RAT RACE : 
AD APT A TI ONS AGAINST POISONING IN THE BROWN RAT 
M .  BERDOY* & P. SMITH** 
The spread of the brown rat (Rattus norvegicus) i s  an evolutionary success 
story : originating from South East Asia it has colonized a wide range of habitats 
and is now found worldwide. Because of its abundance, its feeding habits and its 
association with disease, the rat is in direct competition with man and has been 
dubbed the greatest pest in the mammalian world (Agriculture Canada, 1 979) . 
Such adaptability and resilience to eradication raises severa! theoretical, as 
weil as practical, issues in zoology. Research, principally in the laboratory, 
indicates that brown rats possess severa! behavioural and physiological charac­
teristics which render them Jess prone to being poisoned. It is likely that sorne of 
these mechanisms have evolved or have become more prevalent as a result of the 
intensive, novel and potent selection pressures imposed by humans.  
The study of these factors is of particular interest to the student of 
behavioural ecology and ecological genetics. Due to the large differences in 
ecology, physiology and behavioural flexibility (e .g. neophobia, conditioned 
aversion, social learning), the dynamics of resistance to poison in mammals is 
likely to be widely different from the well-documented cases in insects and mites 
(see Roush & McKenzie, 1 987) .  The evolution of resistance in response to 
pesticides constitutes one of the best examples of natural selection in operation 
and, because of the practical implications of poison resistance, a substantial effort 
is devoted to understanding the physiological and genetical mechanism of the 
trait. Poisoning campaigns constitute, in effect, a multi-billion Francs experiment 
at the planetary scale. The evolution of resistance illustrates how and to what 
extent animais respond to these novel and potent selection pressures. 
The following reviews our current understanding of the behavioural and 
physiological factors that may help rats detect, avoid or be unaffected by 
poisonous substances . We then focus on the evolution of resistance to the 
rodenticide warfarin in the brown rat, the best documented case of resistance in 
mammals. Finally we present sorne recent evidence which suggests that the 
chemical arros race between poison and resistance is likely to face further 
developments . 
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FEEDING STRATEGIES 
Behaviour is the first line of defence against poison. The role of feeding 
strategies, and the factors that influence them, is of particular relevance to the 
susceptibility to poisoning because the acceptance or rejection of hait is essentially 
a problem of diet selection. 
The way that animais take foraging decisions in the wild is the subject of 
considerable theoretical and empirical interest in behavioural ecology (Stephens & 
Krebs, 1 986) .  But, in contrast with our knowledge on the rules that animais may 
use to maximise the rate of energy gain, comparatively little is known about how 
omnivores and generalist herbivores manage to balance their intake of nutrients. 
Y et rats appear to make these decisions successfully enough to remain a major 
agricultural pest, despite great efforts to control them. Although little is yet 
known about the feeding strategies of rats in the wild (Berdoy, in press) research 
in the la bora tory bas uncovered a number of features of potential adaptive value 
(Berdoy & Macdonald, 1 99 1 ) .  
NEOPHOBIA 
Rats show an innate caution with novel stimuli, a feature referred to as 
neophobia (Barnett et al. , 1 975 ; review in Royet, 1 983) .  Given the wide range of 
food qualities that the rat may encounter and the intensity of poisoning effort to 
which it is subjected, neophobia is generally assumed to be of adaptive signifi­
cance, particularly in environments when poisonous foods are abundant. « Para­
noia in wild rats is consistent with contact with reality » (Rozin, 1 976, p. 43) .  
The adaptive value of neophobia, however, is inferred rather than demons­
trated (Beek et al. , 1 988). Galef ( 1 989) correctly points out that the reluctance to 
eat novel foods does not necessarily bear direct relevance to the assessment of the 
food quality : « Hesitancy to begin eating unfamiliar foods on/y delays the moment 
of truth » (p. 59). Neophobia may allow the rats to survive un til the poison hait is 
removed, or to assess its danger through its effect on their companions (see 
below). But it is not known whether neophobia to novel foods constitutes a 
genuine feature of diet assessment or whether it is a reflection of a more general 
phenomenon applying to ali novel objects. 
An explanation of the possible adaptive significance of neophobia must 
encompass the differences observed in different species : the extent of neophobia 
differs between rodent species (mice are reported to be neophilic, Meehan, 1 984), 
between Rattus species (Cowan, 1 977), between wild and laboratroy strains 
(Mitchell, 1 976) and even possibly between populations : recent work suggests 
that the limited efficacy of control programmes with sorne rat populations in 
Hampshire, UK, is not related to poison resistance. Radio-tracking data showed 
that, despite having access to the hait sites, sorne rats never ate at the poisoned 
hait during the course of the control operation (Brunton et al. , in press) . lt is not 
yet clear whether this low hait uptake is due to ecological factors (such as resource 
dispersion, alternative foods, the rats spatial organisation) or a change in feeding 
strategies, including enhanced neophobia (Quy et al. , 1 992 ; Brunton et al. , in 
press). Both possibilities, however illustra te the potential importance of variation 
in ecology and behaviour on diet selection, and consequently, on the animais 
susceptibility to control by poison. 
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FOOD SA MPLING BEHA VIO UR 
After a period of neophobia toward novel foods, the transition of feeding 
from familiar to novel foods is usually a graduai process (Chitty, 1 954 ; Barnett, 
1 975) .  Wild rats may begin by sampling only small amounts of the new food, with 
the amount taken gradually increasing ( e.g. Thompson, 1 948, Shepherd & Inglis, 
1 987) .  lt is generally assumed that the functional significance of this behaviour 
resides in the ability to assess whether a new food source is harmful without 
ingesting a lethal quantity . This is consistent with the demonstrated existence of 
specifie associations enabling the rat to acquire information on the metabolic 
consequences of foods (see aversion learning below) . However, the extent to 
which this behaviour represents a feature of diet assessment is largely unknown. 
Although rats eat novel foods more slowly than familiar ones it is not yet clear 
that foods are sampled in such a way as to facilitate independent evaluation of the 
consequences of eating each food (Beek et al. , 1 988). Practically nothing is known 
about the occurrence, or adaptive significance, of this behaviour in the wild . Like 
neophobia, the cost of sampling is that of a reduced efficiency in exploiting novel, 
safe foods. The adaptive value of sampling behaviour may thus depend upon the 
frequency of toxic foods in the environment. 
A VERSION LEA RNING 
Wild rats are capable of food aversion learning. This feature, traditionally 
studied by experimental psychologists and nutritionists, refers to the existence of 
specifie associations and long-delay-learning capacities which enable the rat to 
acquire information on the metabolic consequences of ingested food (reviews in 
Rozin, 1 976 ; Overman, 1 976) .  As a result, a rat which has been sub-lethally 
poisoned after ingesting a novel food will avoid the food thereafter. This is 
sometimes referred to as « bait shyness » in the context of rodenticides, although 
this term is also sometimes used to describe simple differences in palatability (e .g. 
Bowerman & Brooks, 1 972) . 
Conditioned aversions are very powerful and may last for severa) hundred 
days (e .g .  Rz6ska, 1 953) .  The maximum delay between novel stimulus and illness 
which will induce conditioned aversion, however, appears to be between 7 and 
1 2  hours (Smith & Roll, 1 967 ; Revusky, 1 968 ; Nachman, 1 970) . This suggests 
that conditioned aversions are unlikely to arise toward poisons whose metabolic 
consequences are delayed . It is the delayed effect of anticoagulant poisons that has 
led to the almost en tire replacement of acute poisons by anticoagulants over the 
past three decades (see below) . 
SOCIAL LEA RNING 
The rat is a social species .  Group living is of particular interest for foraging 
animais because it can provide a medium for the social transmission of informa­
tion concerning their feeding environment (Ward & Zahavi, 1 973) .  Laboratory 
studies have demonstrated the role of social factors in diet selection of rats and 
pointed to severa) ways in which rats can gain information about the palatability 
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and utilisation of foods prior to trying them. These include intra-uterine exposure 
(Hepper, 1 990), the flavour of the mother's milk, the presence of other individuals 
at feeding sites (Galef & Clark, 1 972), the olfactory eues left at feeding sites (Galef 
& Heiber, 1 976) and the olfactory information emanating from other adults (the 
« demonstrator effect », Ludvigson et al. , 1 98 5 ; Galef, 1 988 ; Lavin et al. , 1 980). 
Another socially-mediated behavioural response potentially relevant to 
rodenticide poisoning is that of the « poisoned partner effect » : an animal will 
learn to avoid a food if it is exposed to a sick rat immediately after having 
consumed a novel flavour (Berger et al. , 1 979 ; Bond, 1 984) . Gemberling ( 1 984) 
also reported that a female will become food averse to a novel substance if it has 
adverse consequences of the health of her pups. The aversion created in this way 
is also the result of associative learning, similar to that leading to conditioned 
aversion described above. However, it is the presence of a sick rat, rather than 
post-ingestive illness, which is associated with the act of feeding. The poisoned 
partner effect, however, is not a case of transferred aversion . There is in fact no 
evidence that an « aversive rat » cao transmit its aversion to another individual 
(Galef et al. , 1 990). 
PHYSIOLOGICAL LINES OF DEFENCE 
The rats' capacities to identify and avoid poisonous foods have prompted the 
development of more sophisticated poisons, with more powerful (e .g. calciferol, 
brodifacoum) or subtler (e .g. warfarin) modes of action. Anticoagulant poisons, 
such as warfarin, have revolutionised control programmes because they are slow 
acting, with the animal ingesting a lethal dose over the course of several da ys. This 
is believed to prevent aversion learning because when symptoms of toxicosis 
develop, animais have already consumed a lethal dose (e .g. Nachman & Hartley, 
1 975). With the evolution of rat populations naturally resistant to anticoagulant 
poisons, the emphasis of the conflict between rats and humans has thus shifted 
from behaviour to physiology. 
The study of molecular mechanisms of blood coagulation in general and that 
of antigoagulant poison in particular is currently an active field of research, and 
heritable resistance to warfarin constitutes an interesting model for the study of 
selection because its biochemical basis is fairly well characterised. The following 
briefly describes the known mode of action of warfarin and warfarin-resistance 
before discussing its implication in ecological genetics. We theo discuss sorne 
recent findings that are consistent with a novel increased sophistication in the 
mechanisms of resistance. 
WARFARIN AND WARFARIN RESISTANCE 
Warfarin (3-a-acetonylbenzyl-4-hydroxycoumarin) is an anticoagulant 
poison because it affects the biogenesis of blood clotting factors. The production 
of several blood clotting factors is vitamin K-dependent, that is to say that it is 
driven by a series of reactions where vitamin K is cyclically oxidised and reduced 
(Suttie et al. , 1 983 ,  Fig. 1 ) .  Substances disrupting the vitamin K cycle, or a simple 
vitamin K deficiency, lead to the production of lower levels of blood clotting 
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factors and therefore to poor coagulation and an increased risk of haemorrhage. 
In Welsh resistant rats, where warfarin-resistance was first characterised, warfarin 
was found to inhibit certain enzymes in the vitamin K cycle, in particular 
vitamin K 2,3  epoxide reductase, the enzyme responsible for the reduction of 
vitamin K 2,3  epoxide into vitamin K (Bell et al. , 1 972). By blocking the 
vitamin K cycle at this stage, warfarin therefore limits the amount of vitamin K 
required to drive the production of sorne of the essential clotting factors (Fig. 1 ) .  
This results in insufficient coagulation activity. If warfarin is administered in 
combination with vitamin K, the vitamin K supplement compensates for the 
deficiency caused by the inhibited enzyme, and blood coagulation is normal . This 
constitudes a substantial ad van tage to the commercial use of warfarin, because a 
simple antidote (vitamin K 1 )  can be administered in the event of accidentai 
poisoning. 
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Figure 1 .  - Schematized vitamin K cycle showing the action of warfarin (from Suttie, 1 985). 
Warfarin has been the most commonly used rodenticide for the last thirty 
years and is still used in a number of countries. But its efficiency as a rodenticide 
is now considerably reduced in sorne areas by the fact that a number of 
populations have evolved heritable resistance to it (Meehan, 1 984 ; Greaves, 
1 985) .  The first case of resistance to warfarin in the U.K. was discovered in 1 958 
on a pig-farm in Scotland (Boyle, 1 960), 5 years after its introduction. A year 
1ater, resistance was detected on the English-Welsh border (Drummond & 
Bentley, 1 967) and by 1 972, a mere 1 9  years after the introduction of warfarin, 
resistance was reported in twelve areas (Greaves & Rennison, 1 973) .  Outbreaks of 
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resistance have also been reported in Denmark (Lund, 1 964) and other European 
countries (review in Meehan, 1 984) as weil as the United States (Lund, 1 964 ; 
Jackson et al. , 1 975). 
The extensive spread of resistance to warfarin may reflect the intensity of the 
selection pressures involved. lt may also indicate that resistance may be relatively 
easy to achieve biochemically. Given the importance of blood coagulation for 
survival it is reasonable to expect that natural selection may have favoured the 
establishment of a number of genetic and biochemical safe-guards preventing 
wide fluctuations in coagulation capacity. Rare alleles at the resistance loci (see 
below) were reported before the introduction of warfarin (in Bishop, 1 98 1 )  and 
are thought to be naturally present in wild populations at a very low frequency. 
Moreover, warfarin is not toxic to ali species. Greaves ( 1 985) found that rodent 
species varied in their natural resistance to warfarin with sorne, such as Nesokia 
indica (Short-tailed bandicoot rat) and A comys cahirinus (Spiny-mouse) being 
naturally highly resistant. Brown rats on the other hand are naturally susceptible 
(as are humans) to the anticoagulant but have evolved warfarin-resistance in 
response to the intensive use of warfarin since its introduction in Great Britain in 
1 953 .  
Early studies showed that the commonly studied form of resistance appears 
to be controlled by a single autosomal gene (reviews in Greaves, 1 985 ; MacNicoll 
& Gill, 1 987). Welsh, Scottish and Danish resistance are due to at !east three 
different alleles of the resistance gene (Greaves & Ayres, 1 977 ; 1 982) suggesting 
that resistance has evolved independently in these populations. This also suggests 
that resistance need not be achieved in exactly the same way. In ali cases resistance 
is a dominant character, but penetrance (i .e .  the proportion of heterozygotes 
showing phenotypic resistance) is complete in the heterozygotes of Welsh 
populations while incomplete in the Scottish type. Resistance in Hampshire rats 
is thought to be due to yet another allele (Greaves & Cullen-Ayres, 1 988) and also 
show a higher leve! of cross-resistance to difenacoum (Rennison & Hadler, 1 97 5 ; 
Greaves et al. , 1 982), a second generation anticoagulant. 
THE COST OF RESISTANCE : VIT A MIN K REQ UIREMENTS 
Despite its obvious selective advantage, warfarin resistance can be costly. 
Monogenic resistance in brown rats has been shown to be associated with an 
increased requirement for vitamin K in the normal diet of resistant rats. The 
mechanisms of resistance have been best studied in Welsh rats where warfarin­
resistance and increased vitamin K requirements appear to be the pleiotropic 
effects of the same allele. These effects are due to an alteration of the enzyme 
vitamin K 2,3 epoxide reductase, although other enzymes of the vitamin K cycle 
may also be involved (Bell & Caldwell, 1 973 ; Suttie et al. , 1 983 ; Zaidi et al. , 
1 988 ; Trivedi et al. , 1 988). In resistant rats the altered vitamin K 1  2,3 epoxide 
reductase has a lower affinity to warfarin and is therefore Jess inhibited by it. 
However, it also has a lower affinity for vitamin K analogues, resulting in a 
reduced efficacy in converting vitamin K epoxide into vitamin K. The costs of 
resistance are therefore that resistant rats are in a constant state of vitamin K 
deficiency and need a grea ter amount of vitamin K in their diet in order to retain 
a normal clotting activity, with homozygous resistant rats needing a greater 
amount of dietary vitamin K than heterozygous resistant rats. 
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The costs of increased vitamin K requirements are substantial, particularly in 
homozygotes, and can lead to selective death during the first few weeks after birth 
(Partridge, 1 980). Hermodson et al. ( 1 969) reported that, in male Welsh rats, 
heterozygotes had a two to three-fold increase requirement in vitamin K (campa­
red to susceptibles) and resistant homozygotes a twenty-fold increase (see also 
Greaves & Ayres, 1 973 ; Martin, 1 973) .  Greaves & Cullen-Ayres ( 1 988) reported 
that Hampshire homozygote resistant rats had four times the vitamin K require­
ments of Welsh homozygotes . lt is these differences in blood clotting time and 
vitamin K deficiencies that are commonly used to identify resistant genotypes. 
Two standard tests are used to discriminate genotypes (Martin et al. , 1 979) . 
First, resistant rats are identified by testing the effect of an injection of 
warfarin/vitamin K-oxide on blood-clotting time. Susceptible animais show 
elongated blood clotting time, whereas both homozygous and heterozygous 
resistant rats show blood clotting time in the normal range. A second test, carried 
out on resistant individuals, separates heterozygotes from homozygote resistant 
rats by keeping resistant animais on the vitamin K-deficient diet for 4 days. The 
4 day period is long enough to elongate the blood clotting time of homozygous 
resistant rats but heterozygotes (and susceptibles) retain clotting times in the 
normal range. These phenotypic responses thus separate the rats into three 
classes, which are taken as indicative of the three resistant genotypes (Martin et 
al. , 1 979) : 
Class 1 (susceptibles) : individuals which are affected by warfarin.
Class II (heterozygous resistants) : resistant rats not suffering from vitamin K 
deficiency after feeding for four days on vitamin K deficient diet. 
Class III (homozygous resistants) : resistant rats suffering from vitamin K 
deficiency after feeding for four days on a vitamin K deficient diet. 
WARFARIN RESISTANCE AND BOD Y WEIGHT 
Before discussing the effects of resistance on fitness in the wild, it is worth 
noting that the cost of vitamin K deficiency in resistant rats, and particularly 
resistant homozygotes, may not only be confined to the deficiency in blood 
clotting factors . Vitamin K is involved in the production of a number of other 
important proteins found in the blood, collagen tissue, kidneys, bone, skin, Jung, 
placenta (Johnson, 1 98 1 )  and brain (Lev & Sundaraam, 1 988), although it is not 
clear how much the biochemical pathways of resistant animais affect these 
reactions. 
Even when sublethal, the costs of resistance may affect components of fitness 
such as growth, social status and reproduction. Smith et al. ( 1 99 1  b ;  laboratory 
strains), and Smith et al. (in press ; wild rats) showed that warfarin susceptible rats 
were heavier than homozygous resistant rats, suggesting that body weight was an 
indicator of the cost of resistance. Body weight is likely to affect fitness since it is 
generally positively correlated with dominance (Barnett, 1 958  ; Calhoun, 1 962 ; 
Nott, 1 988 ; Berdoy & Smith, unpublished), with high social status conferring 
priority to feeding sites (Smith et al. , 1 99 1 a ; Berdoy, in press), higher reproduc­
tive success (Maclintock et al. , 1 982), reduced physiological stress (Barnett, 1 955) 
and increased survival (Boice, 1 969). Resistance may also affect social status 
independently of body size if the competitive abilities of resistant rats are 
weakened by internai bleeding and inordinate bruising. 
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The costs of resistance may be more detectable in the wild than in the 
laboratory : Smith et al. (in press) found that the weights of homozygous (i.e. 
class III,  see above) resistant rats were not significantly different from that of 
susceptible individuals (class I) in the Iaboratory whereas they were significantly 
lighter in the harsher environment of a large outdoor enclosure where rats were 
subjected to more rigorous climatic conditions and bad to compete for food and 
mates (Berdoy & Macdonald, 1 99 1  ; Berdoy, in press) . 
RESISTANCE AND FITNESS 
The costs of warfarin-resistance are of particular theoretical and practical 
relevance because the fitness costs incurred by resistant animais may affect the 
rate of spread and maintenance of the resistance allele in wild populations. 
In theoretical terms, warfarin resistance constitutes one of the best examples 
of heterozygous advantage in mammals. Heterozygous superiority, a widespread 
occurrence amongst animais and plants, deserves further discussion at this stage. 
In spi te of the interest that it genera tes, the forces responsible for the maintenance 
of a polymorphism are po orly understood, parti y because of the likely complexity 
of the genetic basis of the phenomenon and partly because of the substantial 
technical difficulties associated with the demonstration of heterozygous superio­
rity in natural populations (Berger, 1 976). 
Heterozygosity bas generally been correlated with an increase in survival, 
growth, disease resistance and developmental stability (reviews in Allendorf & 
Leary, 1 986 ; Ledig, 1 986 ; Zouros and Foltz, 1 987) but it is not clear whether the 
positive relationship between heterozygosity and fitness is due to the decrease in 
homozygosity in the organism's genome, thereby masking deleterious recessive 
mutations (i .e .  inbreeding depression in reverse) or to heterozygosity per se. 
Overdominance, i .e .  the fact that an individual heterozygous at one locus bas a 
higher fitness than either homozygote, seems at first sight Jess probable because 
one would intuitively expect selection to favour homozygotes of the better allele. 
There is, however, good evidence that overdominance does occur in nature 
although examples are few and opinion is divided as to how widespread it really 
is. lt is conceivable that a heterozygote might be fitter than (rather than 
intermediate to) either homozygote because two enzymes (corresponding to the 
two alleles) possessing slightly different catalysing characteristics might act in 
synergy (Berger, 1 976 ; Zouros & Foltz, 1 987) .  Moreover, heterozygous advan­
tage may also be more common than the present evidence suggests since small 
fitness differences, which would be sufficient to maintain heterozygosity, would be 
difficult to demonstrate experimentally (Maynard Smith, 1 9 89). The paucity of 
examples at our disposai does indicate one thing : strong fitness differences due to 
overdominance are rare. 
Human sickle cell anaemia (AIIison, 1 9 54) and warfarin resistance in brown 
rats are currently the best two examples of mammalian overdominance. Greaves 
et al. ( 1 977) found that, in Welsh populations of rats regularly controlled with 
warfarin, the incidence of resistance, which would be expected to rise, remained in 
fact relatively stable (at about 44 %) during the 9 year period. They also found an 
excess of heterozygotes and a deficit of both homozygotes (with respect to 
expected frequencies calculated from Hardy-Weinberg ratios) suggesting that the 
resistance allele was under a protected polymorphism. When warfarin was not 
used, the frequencies of the resistant allele decreased. 
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Two (not exclusive) explanations might account for this polymorphism 
(Bishop, 1 98 1 )  : (i) migration from neighbouring areas where warfarin was not 
used and (ii) heterozygous superiority. The possibility of heterozygous advantage, 
however, is consistent with our knowledge of warfarin-resistance described 
above : i .e .  the reduced fitness of the susceptibles due to the effects of the poison, 
and the reduced fitness of the homozygous resistant rats due to vitamin K 
deficiency. Furthermore, in a similar experiment where immigration from 
neighbouring areas was unlikely, Partridge ( 1 979) found that the resistant 
genotypes had a lower fitness when warfarin was not used. 
Heterozygous ad van tage is also of substantial practical relevance. The lower 
fitness of resistant genotypes in warfarin-free environments led to the suggestion 
that resistant populations could be managed by temporarily relaxing poisoning 
pressure, thus reducing the frequency of the resistant allele (Smith & Greaves, 
1 987) .  
A FINAL TWIST : RESISTANCE WITHO UT COST ? 
Two recent studies suggest possible further developments in the rats physio­
logical line of defence which may mean that resistant rats benefit from the 
advantage of poison resistance without the associated fitness costs. 
Smith et al. (in press) studied two warfarin resistant populations (derived 
from wild rats caught in Southern England) under two different experimental, 
warfarin-free, conditions : ( 1 )  a population of first generation offspring produced 
by the controlled mating of (class Il) resistant wild rats in the laboratory and (2)
a wild rat colony left to breed freely for two and a half years in the more na tura! 
(and harsher) social and climatic pressures condition of a large (266 m2) outdoor
enclosure (Berdoy, in press) . 
Using the phenotype tests described above (p. 1 4 1 ), they found that the 
incidence of resistance in both populations and the weight of resistant individuals 
suggested the existence of a novel type of warfarin-resistance who se spread would 
be much more difficult to hait : first, the incidence of resistance in the free 
breeding enclosure population remained high (83 %) despite two and half years of 
breeding in a warfarin free environment. This suggests a higher than expected 
fitness for the resistant genotypes. 
Second, the majority of resistant genotypes in both populations (82 & 93 %) 
did not suffer from vitamin K deficiency during standard phenotypic tests 
(class 11). Under the assumption of a monogenic form of warfarin-resistance
(Greaves & Ayres, 1 969) the proportion of class II (i.e. heterozygous) resistant
genotypes were significantly higher than expected in both the laboratory popu­
lation and the outdoor colony (by 57 % and 40 % respectively) . It is not known 
whether this is due to overdominance or to a polygenic system of resistance. The 
latter could include the interaction with genes conferring resistance to newly 
developed, « second generation » anticoagulant (e .g. difenacum, Greaves & 
Cullen-Ayres, 1 988) or the presence of modifier genes reducing the cost associated 
with resistance. Polygenic resistance is normally the exception rather than the rule 
but may be more likely to develop when the poison selection pressure is 
maintained for long periods of time (Roush & McKenzie, 1 987). 
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Finally, class II resistant phenotypes, were significantly heavier than suscep­
tible individuals in both colonies. Rather than the expected disadvantage descri­
bed above, these individuals thus appeared to benefit from a selective advantage 
over susceptible individuals in a warfarin free environment. 
These results, which indicate a form of warfarin resistance with unexpectedly 
low costs, are consistent with an increased sophistication in resistance. Moreover, 
Gill et al. (in press), also reported a rat population showing no vitamin K 
deficiency during standard tests in the laboratory. Finally, severa! rat populations 
show increased tolerance to more recent and more powerful « second generation » 
anticoagulants which were introduced in to combat the problem of warfarin 
resistance (Greaves et al. , 1 982 ; Gill et al. , in press) .
In conclusion, in addition to the behavioural strategies described above, these 
studies suggest another fascinating development in the chemical arms race 
between humans and rats. A form of resistance with reduced costs (and possibly 
with sorne selective ad van tage) in the absence of poisoning pressure has, of course, 
profound implications for the management of resistance. Management strategies 
aiming at reducing the incidence of resistance by relaxing warfarin pressure 
(Smith & Greaves, 1 987) would have little success in halting its spread. 
SUMMARY 
Brown rats (Rattus norvegicus) are notoriously difficult to poison. As weil as 
being of practical relevance, the combination of behavioural and physiological 
traits which underlie this ability are of particular interest to the student of 
behavioural ecology, and ecological genetics. The rats' capability to detect and 
avoid poisonous substances have prompted the development of more sophistica­
ted poisons such as the anticoagulant warfarin which circumvents the rats 
behavioural lines of defence. The subsequent evolution of physiological resistance 
to warfarin constitutes one of the best examples of na tura! selection in operation. 
Despite its obvious selective advantage however, warfarin resistance can be 
costly : resistant individuals can show a deficient vitamin K metabolism, lower 
growth rates and reduced viability. This results in a lower fitness of resistant 
genotypes in a warfarin-free environment and may impair the spread of resistance. 
Recent studies, however, indicate a possible further development in the arms race 
between humans and rats : the existence of a novel form of resistance which incurs 
little cost, and which may confer a selective advantage even in the absence of 
poison. 
RÉSUMÉ 
Il est bien connu que le Surmulot (Rattus norvegicus) est difficile à empoi­
sonner. Ceci est dû à une combinaison de traits comportementaux et de 
caractéristiques physiologiques dont l 'étude, en plus de son intérêt appliqué, 
présente un intérêt certain en écologie du comportement et en écologie génétique. 
L'aptitude des rats à détecter et éviter des substances empoisonnées a 
entraîné le développement de poisons tel que l'anticoagulant Warfarine dont le 
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mode d'action déjoue les défenses comportementales du Surmulot. L'évolution 
ultérieure d'une résistance physiologique à cette Warfarine constitue un des 
meilleurs exemples de sélection naturelle en action. 
Malgré son avantage sélectif évident pour les individus qui en bénéficient, la 
résistance à la Warfarine peut cependant avoir des désavantages : les individus 
résistants peuvent souffrir d'une carence en vitamine K, d'un taux de croissance 
réduit, et d'une viabilité moindre. Dans un environnement où le raticide n'est pas 
utilisé, ces « coûts » entraînent une fitness réduite des génotypes résistants et 
peuvent ralentir la progression de la résistance. 
Il pourrait cependant exister un nouveau développement dans cette « course 
aux armements » entre l 'Homme et le Surmulot. Des études récentes suggèrent 
l'existence d'une forme de résistance peu coûteuse et susceptible de conférer un 
avantage sélectif aux individus résistants, même en l'absence de poison. 
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